Abstract. Atomic force microscopes (AFM) provide topographical and mechanical information of the sample with very good axial resolution, but are limited in terms of chemical specificity and operation time-scale. An optical microscope coupled to an AFM can recognize and target an area of interest using specific identification markers like fluorescence tags. A high resolution fluorescence microscope can visualize fluorescence structures or molecules below the classical optical diffraction limit and reach nanometer scale resolution. A stimulated emission depletion (STED) microscopy superresolution (SR) microscope coupled to an AFM is an example in which the AFM tip gains nanoscale manipulation capabilities. The SR targeting and visualization ability help in fast and specific identification of subdiffraction-sized cellular structures and manoeuvring the AFM tip onto the target. We demonstrate how to build a STED AFM and use it for biological nanomanipulation aided with fast visualization. The STED AFM based bionanomanipulation is presented for the first time in this article. This study points to future nanosurgeries performable at single-cell level and a physical targeted manipulation of cellular features as it is currently used in research domains like nanomedicine and nanorobotics.
Introduction
Nanomanipulation in the context of biology is a well discussed and reviewed topic in the scientific community in the last decades. 1 The ability to control an arm at the nanoscale level has shown promise in material sciences and biology. 2, 3 A simple way to achieve this small scale manipulation in a lab is to use an atomic force microscope (AFM), a derivative from scanning probe microscopes (SPMs). 4 AFM measures the deflection of a cantilever, which is caused by the interaction with the surface of the sample and a sharp tip that extends from the free end of the cantilever. This deflection characterizes the distance from the sample and force felt by the tip. The SPM methods initially worked on conductive samples and vacuum conditions giving resolution at the subangstroms scale, but AFM gained its popularity and demand because of its ability to work also on insulating materials and in liquid environments; especially in physiological conditions. 5 Commercial AFMs are now designed to work in a dry environment for material sciences applications and wet environments for investigating biological systems. AFM is an established technique in the study of cellular morphology and local stiffness, understanding protein folding mechanisms, checking model membranes stability, etc. [6] [7] [8] [9] As pointed out before, the AFM cantilever with the help of its extended stylus reaches the sample and precisely calculates the surface height. However, if more force is applied on this stylus, the stylus mechanically interacts with the sample. The spatial precision of this interaction is defined by the AFM tip size that could be tens of nanometres, but this manipulation is limited by its nonspecific nature in identifying the sample 10, 11 or selecting a target for manipulation. An optical microscope coupled to an AFM can recognize and target an area of interest with the help of specific identification markers like fluorescence tags. In the past years, superresolution (SR) fluorescence microscopes have taken the place of conventional fluorescence microscopes like confocal and widefield microscopes. The SR microscopy methods visualize the fluorescence below the classical optical diffraction limit (∼250 nm) and reach nanometre level lateral resolution. An example of SR microscope techniques such as stimulated emission depletion (STED) 12 microscope is an improvement over the confocal microscopes. This article demonstrates how to build an STED microscope from a commercial multiphoton microscope with its complete building blueprint.
An STED microscope coupled to an AFM enables the AFM tip with nanoscale manipulation capabilities. 10 The SR visualization helps in fast and specific identification of subdiffraction cellular structures and manoeuvring of the AFM tip onto the target. In addition, the movement can be traced live with the microscope for understanding real time responses because of the manipulation. 10 Bionanomanipulation is demonstrated under the popular science terms like nanorobotics, singlemolecule manipulation, etc. 13, 14 From the manipulation of chromosomes two decades ago, science advanced to single-molecule experiments in which viruses, nucleic acids, or proteins could be manipulated with discrete units of force. [15] [16] [17] Although many of these nanomanipulation techniques lack targeting ability, this can be overcome now by visualizing the movement in real-time with STED AFM. 10 Cellular structures, in particular cytoskeletal structures are compelling for their distinct AFM signature because of its rigidity and subresolution sizes (<60 nm). 18 Concisely, this article demonstrates how to build and use a high-resolution STED microscope coupled with an AFM to perform bio-manipulation with subdiffraction precision.
Materials and Methods

STED microscopy
19 is a fluorescence-based optical SR imaging technique, and it works by the principle of reversible saturable optical fluorescence transitions. 20 The key element of STED is the selective switching off of the fluorescence using the principle of stimulated emission. 21 Switching off fluorescence from the periphery of the excitation focus leaves fluorescence originating only from a subdiffraction sized spot at the center. Scanning the sample with this focal spot results in a superresolved image, whereas the conventional confocal spot is limited by the diffraction, and the image will look blurred. This controlled spatial switching off in STED is done by a phase engineered laser beam (STED beam) that takes the shape of a doughnut at the optical focus. From the principle of stimulated emission, light at a suitable wavelength chosen within the fluorescence emission spectrum of a fluorophore can deplete its fluorescence with a finite probability. A complete depletion from the periphery can be ensured by increasing the number of potential events, which is simply done by increasing the power of this depletion laser.
22,23
Building the STED Microscope
When it comes to build an STED setup, the basic architecture has changed a lot in the last decade. Cost efficient continuous wave laser-based STED, 24 multicolor STED imaging, 25 live cell STED imaging, 26 single-wavelength STED, 27 time gated STED, 28 and modulated STED (Ref. 29 ) are a few of them. The selection of laser lines used for STED and excitation plays an important role in defining the resolution and uses a good part of the budget. If built from a multiphoton setup, 30 the same multiphoton laser can be used as the STED laser, resulting in a cost efficient STED unit. However, using a pulsed laser to do STED also means that the temporal synchronization of the beams plays a role as crucial as the spatial overlay of the excitation and STED beams. 24 In effect, these spatial and temporal alignments must be finely controlled in order to maximize the depletion ratio for a particular fluorescent dye and thence obtain an STED microscope. 31, 32 The STED microscope was custom made, based on a multiphoton microscope Nikon A1R-MP (Nikon Instruments Inc., Melville, New York). The system employs a pulsed STED system combining a triggered excitation from a pulsed diode laser PDL-800 (PicoQuant GmbH, Berlin, Germany) and the multiphoton excitation laser for STED. The excitation wavelength was 640 nm and the depletion laser wavelength was set to 760 nm. Two polarizing beam splitters (PBS1, PBS2) were mounted in the laser path to split the laser from the multiphoton excitation laser beam path and combine the paths back before the beam enters the scan head of the multiphoton microscope (refer Fig. 1) . A mechanical shutter placed before the fiber coupler in this path controls the switching on/off of the STED laser. This extra path helps not to alter any characteristic of the IR beam path and includes a complete optical geometry to build an STED beam [illustrated in blue color in Fig. 1(b) ].
The laser pulse from the polarizing beam splitter (PBS1) is coupled into a 100-m polarization-maintaining single-mode optical fiber (SMF) using a fiber coupler facilitated with a pair of rectangular glass prisms to prestretch the pulse. This Fig. 1 The schematic of the setup: (a) the multiphoton laser path and (b) the laser path (red) with the extra optical components used for enabling stimulated emission depletion (STED) microscopy in blue color. PBS: polarizing beam splitter, SMF: single-mode polarizing maintaining optical fiber, MP: multiphoton, Amp: electronic amplifier, λ∕2: half wave plate, λ∕4: quarter wave plate. An optional shutter could be placed before SMF that is not shown in the figure. prestretching the laser pulse will protect the optical fiber entrance from potential damages caused by misaligned large photon densities. The output laser beam from this SMF will have a clean Gaussian beam shape and larger pulse width. A phase plate (RPC Photonics, Rochester, New York) is placed at the fiber collimator output to create the doughnut shape at the focus. The beam rejoins with the multiphoton excitation beam after this phase engineering. In case of a mismatch of the beam widths of the multiphoton laser beam and the modified STED beam at the IR entrance port of the scan head, the beam width of the STED laser beam has to be matched using a telescope setup or by changing the fiber collimator [refer Fig. 1(b) ]. A doughnut shaped focus is ensured by circularly polarizing this phase engineered laser beam with a helical phase of wavelength λ intervals. A pair of λ∕2 half-wave plate and a λ∕4 quarter-wave plate placed after the phase plate forces circular polarization to the beam with a high degree of polarization. The polarization at the objective back focal plane is verified with the help of a polarization analyser tool (Schäfter + Kirchhoff GmbH, Hamburg). Notice that one particular face of the phase plate matches to either right or left circular polarization. In the excitation path, the pulsed picosecond diode laser is triggered using an electronic trigger output from the multiphoton laser source. Another polarization maintaining fiber was used to transfer the light into the auxiliary fiber input of the scan head. This coupling can vary depending on the microscope unit used. A 60× 1.4 NA oil-immersion objective lens (Nikon Instruments) was used for all the measurements. The dichroic filter inside the scan head was replaced with a custom dichroic (LaserOptik GmbH, Garbsen, Germany), which reflects the STED and excitation wavelengths and transmits the emission wavelength. A custom dichroic filter with reflection bands at 635 to 645 nm and 730 to 820 nm was used in combination with an emission band pass filter (670∕40 nm). Standard dichroics used in regular confocal/multiphoton excitation do not match these particular set of wavelengths. Hence, this dichroic has to be procured before all other steps and fixed on the dichroic wheel/unit inside the scanner.
Testing STED System
Three-dimensional (3-D) imaging of reflective gold beads of 80-nm diameter was used to visualize the point spread function (PSF). The overlay of the excitation laser on the STED laser is tuned by walking either one of the beams over the other. Most of the microscope scan boxes are equipped with a reflection imaging beam splitter in the dichroic selection wheel, which transmits less than 1e−2 of the excitation laser beam power to the detection unit while a dichroic would filter out the excitation spectrum. Commercial microscope software can plot this XYZ stack of two channels in live, which simplifies the alignment of the PSF (refer to Fig. 2) . The phase plate's lateral position can be verified by examining spatial superposition of the doughnut shaped beam onto the excitation beam.
The temporal overlay of the laser pulses arriving at the focus can be studied with the help of a photodiode and an oscilloscope. The delay between pulses is adjusted by changing the length of the cable used for triggering the excitation laser. This delay is accounted by finding the optical path difference between the two laser paths. The maximum delay length unit corresponding to the repetition rate from the femtosecond laser, which in this case (80 MHz laser) is 12.5 ns (AE6.25 ns) and is equivalent to an optical path length of 1.875 m. The electronic signal speed in the copper cables lies in the range between c (3 × 10 8 m∕s) and c∕2 (1.5 × 10 8 m∕s). The speed in the cables was calibrated with a known length of cable, and a sufficient cable length was used to account for the delay. Additionally, a short optical delay is employed using the fiber coupler of the laser on a precise micrometer stage with a range of a few centimetres. This small movement can fine-tune the pulse position. Continuous/live imaging of a fluorescent dye solution like Atto647N can be carried out to measure the fluorescence depletion (the reduction of fluorescence signal when the STED light is switched on) by comparing the fluorescence histograms with and without the STED beam. Maximize this fluorescence depletion, and the system will be enabled with STED imaging.
In order to evaluate the resolution of the STED setup, subdiffraction sized fluorescent beads (40-nm crimson fluorospheres) were imaged in confocal mode (excitation laser only) and STED mode (both excitation and STED lasers are on). The resolution of the image increases when the STED laser power is increased. Refer to The system efficiency can also be checked in biological samples as shown in Fig. 2 [confocal in Fig. 2(d) , STED in Fig. 2(e) ]. Immunostained samples for this excitation-STED wavelength pair can be used to evaluate the resolution enhancement. A standard sample used for this purpose is fluorescently marked microtubules because the microtubule filaments can be as small as ∼25 nm in diameter. The labeling protocol for STED imaging was optimized by using methanol fixation 33 for Abberior Star 635P antibodies for alpha-tubulin on fixed Ptk2 cell line. These measurements used an excitation laser power below ∼6 μW and an STED laser power below ∼122 mW, measured at the back aperture of the objective lens with a power meter. The images were collected at 3.8-μs pixel dwell time and line averaged to give a good signal-to-noise ratio. The dynamic range of detection can be optimized by the photomultiplier tube (PMT) gain adjustment.
The crucial part that determines the efficiency of an STED setup is the STED laser power delivered at the focus. This can be optimized by adjusting the beam width of the STED laser at the back aperture of the objective lens, adjusting the pulse width of the STED laser by controlling the length of fiber used, choosing the right wavelength for depletion, etc. Planning a daily routine check of the fiber power throughput is also advisable. Commercial ultrafast lasers are spectrally tunable, and this tunability should be used to maximize depletion in the sample. Keep in mind that the power output could change with respect to the wavelength of operation and also could move the position in time. However, the beam can be aligned back within a few minutes by following this protocol.
STED AFM
A commercial AFM (JPK NanoWizard II, JPK Systems, Berlin, Germany) was coupled to the abovementioned microscope enabled with STED imaging. The microscope stage was exchanged with an AFM compatible stage, which features minimum mechanical coupling of noise to the AFM cantilever (refer Fig. 3 ). This procedure of stage replacement is designed and carried out by the AFM manufacturer. Figure 3(b) shows the new parts added to achieve AFM modality on the system. Figure 3(c) shows a clear representation of how STED and AFM can work together. The direct overlay (JPK Systems) is an option available in the AFM software that visualizes an optical image and underlays it as the background of the AFM image coordinate system with a new color scale range. A short AFM scan helps to fix a common point of origin between the two image coordinates by shifting the STED image. 22 Direct overlay requires an image calibration file created for an objective and field-of-view from an image sequence of AFM movements. In case the AFM overlay calibration is not sufficient, it is possible to manually input the calibration values for matching the image position. 10 Different AFM manufacturers give different programs for similar visualization.
Manipulation
Acquire a high-resolution STED image with high STED laser power. Transfer this file and use this image as the map for AFM targeting (which gives a higher localization of structures than a confocal image). However, for a live monitoring of the movement, use STED video acquisition at low STED power modes to avoid field enhancement near the tip. 10 Coordinates can be input on the AFM for designing an arbitrary pattern for manipulation. The AFM manipulation software support interactive movement of the tip in any direction with variable force and velocity. This is used for different type of AFM movements.
As mentioned before, STED AFM unit based on Ti:Sapphire laser is used with a lower STED laser power to avoid strong field enhancement effects. 32 This reduces photodamages but hinders the unit from live monitoring with its maximum resolution. This effect of the AFM tip is more prominent when it is approached on to the sample. Hence, the STED power for an experiment can be optimized by approaching the tip to the glass and increases the laser power and monitoring the scattering intensity from the tip. In experience, we have found that working below 60-mW STED laser power was safe for beads and cells. Presence of impurities or rough glass surface could possibly change these values. However, choosing to build an STED unit in the greener side of the spectrum 34 can help to minimize this. STED microscope software and AFM software work on different platforms; faster data transfer can be achieved by integrating the software into one or using a transfer software like Samba. If a stage scanning AFM unit is used, visualization of fluorescence can be done within the AFM software as well, but it will be limited by the speed of the stage scanning.
Results and Discussion
The multiphoton setup was successfully adapted to a high resolution STED microscope, and high-resolution manipulation schemes are available through the coupled AFM. The STED microscope evaluation results were presented in Sec. 2.2.
STED AFM Manipulation of Beads
The targeting capability of STED AFM was previously described by using a coordinate adjustment in Sec. 2.3. A live monitoring can overcome the hassle of underlaying the map and can visualize "live" the tip-sample responses. As shown in Fig. 4 , a high resolution map given to the AFM helps to fix the coordinate system for the manipulation. The video shows a sample of crimson fluorescent beads of 40-nm drop casted on a glass coverslip coated with Poly-L-lysine. In the video, an AFM movement is carried out at 100 nm∕s, and the movement is imaged at a low resolution (lower STED laser power) so that sample is not affected by laser intensity near the AFM. 10 This video imaging resolution (∼150 nm) is higher than confocal (∼250 nm) and used a speed of 2 fps with a pixel size of 40 nm. The high resolution map is useful in committing different targeted motions in one single go. But if the aim is to have a realtime feedback from the movement, the live imaging with lower STED resolution will serve the purpose. We can follow the same bead in motion or same molecule of interest without losing the molecule. The high resolution map can still be used in defining routes for particles of interest without hitting another particle or hit a targeted particle.
The movement was made by patterns of manipulation (hand drawn in the software) with a targeting ability in the order of tens of nanometers (refer the left panel in the video). The video illustrates that the tip can move between two closely lying beads without touching them. We assume that the fluorescence seen at the end of the tip is contact staining because the tip came in contact with other beads before finding a common point of origin.
STED AFM Manipulation of Cells
With the ability to target and move, the next step in targeted manipulation was to check on biological samples like cells. But cells are larger and elastic compared with material samples like beads, and they have membranes that hinder a direct impact of the AFM tip. The cells are in a wet medium, and the manipulation movements are hindered by the presence of unobserved nonfluorescent parts of the cell. The tests were carried out on microtubules labeled with Abberior Star 635P inside the cells of fixed fibroblast cells. AFM tip probed the cell surface with a higher force to mechanically interact with the cell exterior. The live monitoring is more useful in case of cellular manipulation because the cell sets back to its position after the mechanical push (refer Fig. 5 ). Figure 6 stands as an explanation for Fig. 5 . In Fig. 5 , we demonstrate the movement of the cell in different targeted directions with different amounts of force. The STED image and the confocal image were taken to visualize the resolution enhancement shown in Figs. 6(b) and 6(c). The STED image was used as a map for AFM movements like in the case of beads.
The still high resolution images were done at the lower most part of the cell close to the glass, and the AFM interaction was recorded at a different height. Live monitoring helps to navigate and find the interacting section of the cell. The video shows three different regions and movements imaged at 1 fps at pixel size of 75 nm, so that the entire cell remains in the field-of-view. STED pixel size is always chosen below half the diffraction limit, and the frame rate is decided by the field-of-view (interest), speed of manipulation, and the response from the sample. Only two motions are examined in Figs. 6(d,e) and 6(f,g) . These panels show small movements made at the border of the cell. A single tubule is stretched and visualized in Fig. 5 , which can be seen in Fig. 6(h) . These different recorded mechanical drag motions are demonstrated for pointing the manipulation and visualization capability with STED AFM. Notice that the images in Figs. 6(b) and 6(c) are raw images without the aid of any deconvolution algorithms. On the contrary, using deconvolution algorithms on STED images can give these images an even better visualization. 35 It is also possible to switch the normal PMT detector with a single-photon counting avalanche photodiode (APD) in the external detector channel or a Gallium arsenide phosphide detector (GaAsP). APDs and GaAsPs are highly sensitive compared with PMTs, and this helps to work at even lower excitation laser powers and minimize any potential photodamages. The images of the cells were acquired using a GaAsP detector and an excitation laser power below ∼4 μW, and STED laser power was measured below 70 mW. The STED power was optimized for every experiment while working to achieve a good balance between resolution and tip-induced damage.
In a crowded sample, targeting is important to question one particular cell or its structure. As seen in Fig. 5 , the filaments go back to their positions rapidly, and only a fast correlative imaging is able to follow such a reaction. The imaging time is crucial in cells because these responses are quick, and a fast monitoring is necessary to follow the scene of interest. This asserts the need for SR monitoring in nano-bio-manipulation and this combination of STED AFM for cellular level manipulation.
Precise Manipulation
A different cell type was labeled with Abberior star 635 is visualized, and a filament is moved (refer to Fig. 7) . Note that this cell was immunostained as per the methanol fixation protocol 33 for avoiding the membrane stopping from direct interaction with the microtubules. Although this experiment is a proof of principle, this can be possibly extended to physiological samples labeled with good fluorescent dyes that work for labeling structures in live cell for STED imaging. Figure 7 shows the STED recording of an area of interest, where a single microtubule is broken by the sheer force applied by the AFM.
AFM nanomanipulation of living cell and biomolecules is a challenging topic that has emerged in the last decade as one of the most promising approach in the field of biology and nanomedicine. It has been previously demonstrated that by using an AFM probe it is possible to change the fate of individual cell by single cell DNA transfection. 36, 37 AFM was employed to create selective holes on the cell membrane and to extract single-membrane protein from cell via single-covalent bonds. 38 One of the main technical limits to these applications is related to the precise positioning of the AFM probes on the target site and to the capability in terms of monitoring of the manipulation effects. Here, we demonstrate the capacity to achieve an optical localization of the sample with a lateral precision of tens of nanometers working in quasiphysiological environment, together with an improved control of the relative position of the AFM probe on the sample and of the trajectory followed by it during in situ manipulation. This step up significantly decreases the time that is necessary to bring the AFM probe in contact with a target site. Because this is an improvement achieved using an optical microscope, the effect of the manipulation could be monitored also in real time.
A combined STED-AFM system can work in liquid on a complex biological system and address manipulation trajectories, incisions, and conduct physical stress stimulus experiments on cells. In particular, we present how the AFM can be used to manipulate a cell with and extremely high precision while an optical microscope looks at the manipulation effect with a resolution that is below the diffraction limit (<250 nm). This work paves the avenue to a series of new and exciting applications. In particular, working on living cells, it would be possible to induce a stimulus on the cell (mechanical, but also a chemical stimulation by dragging interacting molecule in contact with the cell/molecule) looking at the response in real-time. The AFM could operate on single-cell compartments or molecules; for example cutting single filaments of the cytoskeleton or releasing molecules in cell nucleus or in other more localized part of the cell.
Conclusion
Targeted manipulation assisted with SR fluorescent image is a newly endowed capability, among nanomanipulation systems. Any lab with a working multiphoton microscope can build such a nanomanipulation system by coupling an AFM and following the protocol given for building STED. Other contemporary methods to achieve this biomanipulation include environmental scanning electron microscope nanomanipulation units, electrical force-based micromanipulation, 39 optical and laser tweezers, 40 acoustophoresis, etc. [41] [42] [43] These methods can be applied to single proteins stripped from the cell 44 or even on living cells. 45 For AFM-based manipulation, many nanorobotics groups use a fast AFM rendering for monitoring the manipulation. However, unlike in a material sample, biological samples and elastic samples show fast responses, and real-time monitoring is very important.
Designing these experiments in bacteria and live cells may reveal decision-making processes under a force stimulus. Another existing option for SR-aided AFM imaging is STORM-AFM, 46 which can work for even molecular level dimensions. STORM-AFM lacks speed but supports high precision algorithms and molecular tracking while STED AFM gives live high resolution monitoring. 26 Another prospect of this system is to move into thicker and different cells to understand cellular behaviors as well as to characterize cellular surfaces with force maps to test its pathogenicity level. The genome-based research for chromosome dissection can be extended to the cellular level with these advancements. An integrated technique such as STED AFM provides a unique dataset that opens new doors in visualizing the nanoworld in a different way, and this protocol helps one to implement such a powerful technique.
